Objective Obesity is associated with alterations in thyroid hormone (TH) levels in obese, pregnant individuals. The maintenance of TH levels throughout gestation is important for proper foetal development. The aim of this study was to measure levels of fT3, fT4 and TSH in maternal and matched cord blood serum from normal weight, overweight and obese gravidae to determine alterations in maternal and neonatal TH levels by virtue of maternal obesity. Design, Setting, Subjects, Outcome Measures ELISA was utilized to measure fT3, fT4 and TSH levels from banked, matched maternal and neonatal (cord blood) serum (N = 205 matched pairs). Data were stratified according to prepregnancy or first trimester BMI. Results Both maternal and neonatal fT3 levels consistently increased with increasing maternal obesity, and maternal and neonatal fT3 were significantly correlated (r = 0Á422, P < 0Á001). Maternal and neonatal fT3 were also significantly associated with birthweight (b = 0Á155, P = 0Á027 and b = 0Á171, P = 0Á018, respectively). Both the maternal and neonatal fT3 to fT4 ratio significantly increased with increasing maternal obesity. We further found that excess gestational weight gain was associated with a decrease in maternal fT4 compared with gravidae who had insufficient gestational weight gain (0Á86 AE 0Á17 vs 0Á95 AE 0Á22, P < 0Á01). Conclusion Maternal obesity is not only associated with maternal alterations in TH, but with accompanying neonatal changes. Because both maternal obesity and alterations in TH levels are associated with childhood obesity, based on these findings and our prior analyses in a nonhuman primate model, we propose that changes in fT3 levels in the offspring of obese mothers may be a potential molecular mediator of foetal overgrowth and childhood obesity.
Introduction
Maintenance of proper thyroid hormone (TH) levels throughout pregnancy is essential for foetal growth and development. Undiagnosed hypothyroidism in pregnant women has been associated with alterations in neuropsychological development of the offspring. [1] [2] [3] Both maternal and foetal TH levels have been implicated in regulating foetal growth. [4] [5] [6] Recent data from the FaSTER trial revealed that lower median birthweights occur in women in the highest free T4 (fT4) quintile, but that this is not associated with adverse pregnancy outcomes. 7 However, how alterations in maternal and foetal TH levels may affect child development is an important area of study. Data from the Generation R study reveal that maternal thyroid levels during pregnancy may influence childhood adiposity and potentially cardiovascular development. 8 Lower maternal TSH levels and higher maternal fT4 levels were associated with lower childhood BMI. Alterations in TH levels have also been implicated in the aetiology of obesity, although their role remains poorly understood. THs help to regulate appetite, temperature and the availability of energy substrates. 9 THs also increase the basal metabolic rate. 10 It has been shown that there is an increased prevalence of thyroid function abnormalities in obese individuals, and that BMI is positively correlated with fT3 and TSH levels. [11] [12] [13] The effects of thyroid hormone treatments on both hypothyroid and hyperthyroid individuals have been long studied; however, the data are not consistent data regarding weight gain and loss based on treatment. 14 Similarly, data are not consistent showing thyroid hormone changes after weight gain or loss.
14 While obesity is associated with adverse health outcomes for the individual, obesity during pregnancy bears unique maternal and foetal risks. The incidence of obesity among pregnant women is estimated between 18Á5% and 38Á3%. 15 These women are more susceptible to pre-eclampsia and gestational diabetes. 15, 16 They are also more susceptible to delivery complications including an increased risk of Caesarean section, slower labour progression rate, shoulder dystocia and endometritis. 15, 16 Newborns of obese and overweight women are more likely to be large for gestational age (LGA), having a higher birthweight. 17 individual to the adult onset of metabolic disease. 18, 19 The in utero milieu may account for upwards of 60% of the variation in infant birthweight. 20 LGA infants are more likely to develop metabolic syndrome in childhood, whose symptoms include obesity, glucose intolerance, hyper lipidaemia and insulin resistance. 21 Individuals born LGA are also at a greater risk of developing cardiovascular and metabolic problems in adulthood. 22, 23 A high prevalence of foetal macrosomia occurs among overweight and obese women without insulin resistance or diabetes. 24, 25 Determining the molecular mechanisms driving these associations between foetal overgrowth and maternal obesity is essential to preventing obesity in the next generation.
We have previously reported in a nonhuman primate model of maternal obesity that a maternal high fat diet is associated with alterations in the foetal thyroid levels at the beginning of the third trimester. 26 Specifically, we found that foetal fT4 is decreased in association with epigenomic-driven alterations in expression of genes involved in thyroid hormone synthesis. We hypothesized that THs are potential molecular mediators of overgrowth observed in newborns from obese gravidae. In this study, we aimed to investigate changes in maternal and neonatal (cord blood) thyroid hormone levels with increasing maternal obesity, as well as the associations between maternal and foetal thyroid hormone levels and birthweight.
Materials and methods

Study population
Subject data and serum samples were obtained following full and informed subject consent under the PeriBank protocol IRB H-26364 at Baylor College of Medicine. Additional IRB approval for this research was obtained under H-30688. Subjects were recruited by trained PeriBank study personnel at the time of admission to labour and delivery. Recruitment occurred between 2011 and 2014. After consent was obtained, over 4700 variables of clinical information (clinical metadata) were directly extracted from the electronic medical record and accompanying prenatal records alongside directed subject questioning. Neonatal (cord) blood was collected immediately following delivery. Maternal blood was collected within 8 h following delivery. Iodine skin cleansers were not used during delivery as this would be a confounder of this study. Samples were stored at À80°C until use. Exclusion criteria were multiple gestations, preterm delivery and subjects with known thyroid disease or taking thyroid medication. A total of 205 subjects were enrolled and categorized into one of five groups according to prepregnancy or first trimester 
Thyroid parameters
Matched maternal and neonatal (cord) serum samples were utilized to measure fT3, fT4 and TSH levels using commercially available ELISA kits (Alpco, Salem, NH). For fT4, the reference range of the ELISA is 0-8 ng/dl; for fT3 the range is 0-19 pg/ ml; and for TSH 0Á1-10 lIU/ml. All samples were performed in duplicate. A standard curve for each plate was created using a 4 Parameter Logistic nonlinear regression model in R, which was utilized to determine the concentration of each sample based on absorbance.
fT3 to fT4 ratio
Both fT3 and fT4 were converted to pmol/l before calculating the ratio. 27 Kruskal-Wallis one-way ANOVA on Ranks was utilized to determine significant changes between groups. Pearson product-moment correlation was calculated to determine the correlation between maternal and cord fT3:fT4 ratios.
Gestational weight gain calculation
To assess the extent of weight gain, patients were stratified according to three categories (insufficient weight gain, normal weight and excessive weight gain) based on prepregnancy or first trimester weight and weight at delivery. This was achieved by applying the 2009 IOM (Institute of Medicine) guidelines for weight gain during pregnancy. 28 According to these guidelines, normal weight pregnant females should gain 0Á8-1 lbs/week during the 2nd and 3rd trimester, overweight females 0Á5-0Á7 lbs/ week and obese females (all classes of obesity) 0Á4-0Á6 lbs/week. Whenever the predetermined weight gain was not achieved or exceeded, the patient was categorized as having insufficient or excessive weight gain, otherwise as exhibiting normal weight gain.
Statistical analysis
Information on BMI, maternal age, birthweight and infant gender for all pregnancies was available through the PeriBank database. Gestational weight gain for each patient was calculated on the basis of prepregnancy weight and mother's weight at delivery using the formula described above. Further statistical tests were performed using SPSS software (version 22, IBM). To characterize the demographic and clinical variables of our subjects, descriptive statistics were utilized (frequency, median and interquartile range). Komogorov-Smirnov tests revealed a non-normal distribution of our measured fT3, fT4 and TSH values. Accordingly, differences in maternal and neonatal thyroid hormone levels across all BMI groups were tested using Kruskal-Wallis tests. Post hoc Mann-Whitney U-tests were applied to assess differences between thyroid hormone levels of pregnant females with a normal BMI vs those of females with BMI categories Overweight, Obese 1, Obese 2 and Obese 3. In addition, the associations between thyroid hormone levels and BMI were assessed with multivariate linear regression analysis utilizing log transformed variables, correcting for age of the mother, infant gender and birthweight. Correlation of maternal and neonatal thyroid hormone levels with the infant's birthweight was achieved by application of Spearman's Rank correlation test. Differences in thyroid hormone levels between the three individual gestational weight gain groups were analysed using Kruskal-Wallis tests. Within our statistical analysis, P < 0Á05 was accepted as significant.
Results
Characteristics of the study population
Subjects were grouped into 5 IOM obesity categories based on documented prepregnancy or first trimester BMI (Table 1 ).
Maternal age was significantly different in the overweight and Obese 1 groups compared to normal weight subject cohorts. Consistent with prior observations by others, infant birthweight was significantly higher in the morbidly obese group compared with both normal weight and overweight. There was no significant difference in gestational age and weight gain. BMI significantly differed between groups by virtue of the study design.
Maternal and neonatal (cord blood) serum fT3 and fT4 are altered with increasing maternal obesity
Maternal and neonatal fT3, fT4 and TSH levels were measured using ELISA. Thyroid function data were stratified into five categories based on prepregnancy or first trimester BMI. With increasing maternal obesity both maternal (Fig. 1a) and neonatal (Fig. 1b) fT3 increased compared to normal weight. With increasing maternal obesity, maternal fT4 decreased in the Obese 2 and 3 groups compared to normal weight (Fig. 1c) . However, neonatal fT4 increased with increasing maternal obesity in the Overweight, Obese 1 and Obese 2 categories compared with normal weight (Fig. 1d) . Maternal TSH levels were unchanged (Fig. 1e) , while neonatal TSH levels were slightly increased in the Obese 2 and 3 groups compared with normal weight (Fig. 1f ).
Maternal and neonatal fT3 are positively correlated
Pearson product-moment correlation coefficients were calculated to determine whether maternal and neonatal thyroid parameters showed a significant correlation. Correlation coefficients were calculated for fT3, fT4, TSH and the fT3 to fT4 ratio. Maternal and neonatal fT3 levels showed a significant positive correlation (r = 0Á422, P < 0Á001, Table 2 ). No other parameters tested revealed a significant correlation (Table 2) .
Maternal and neonatal fT3 to fT4 ratios are altered in association with increasing maternal obesity
Maternal and neonatal fT3 and fT4 levels were converted to pmol/L, and the ratio of fT3 to fT4 was calculated. The maternal fT3 to fT4 ratio increased with increasing maternal obesity (Fig. 2a) compared with normal weight cohorts. The neonatal fT3 to fT4 ratio only significantly differed between the normal weight group and Obese 1 and 3 (Fig. 2b) .
Excess gestational weight gain is associated with significantly reduced maternal fT4
The potential influence of maternal weight gain (as a surrogate for caloric density or caloric load) during pregnancy on thyroid hormone levels was investigated, revealing that among all BMI categories, females with excessive weight gain exhibited significantly lower maternal fT4 levels (P = 0Á013) when compared to those with insufficient weight gain ( Table 3) .
Maternal and neonatal fT3 and fT3:fT4 correlate with birthweight Table 4 shows correlations between maternal and neonatal thyroid hormone levels and infant birthweight. Statistical analysis revealed that both maternal and neonatal fT3 levels and fT3 to fT4 ratios were associated with the infant's birthweight (Table 4) . We did not find any significant correlations between maternal and neonatal fT4 or TSH levels and birthweight (Table 4) .
Discussion
The association between altered THs, especially TSH and T3, with obesity has been well studied. 9, 14 Whether these alterations are consequence or cause remains controversial. However, it is well documented that maintenance of proper TH levels during pregnancy is of great importance for foetal development. 12, 21, 25 According to the DOHaD hypothesis, a metabolically perturbed in utero environment may predispose the offspring to later in life metabolic disorders. 18, 29 Infants of obese mothers are more likely to be born LGA and to develop obesity in childhood. 30 In this study, we sought to investigate THs as potential molecular mediators of foetal overgrowth and childhood obesity. While our study limitations include a lack of information on thyroxine-binding globulin (TBG) or thyroid peroxidase (TPO) antibody levels or urinary iodine concentrations, our study has the significant strength of measuring fT3, fT4 and TSH in matched maternal and foetal serum.
It has previously been shown in nonpregnant individuals that there is a positive association between fT3 levels and body weight. 11, 12 Our data support a similar association in pregnant women at term, as fT3 levels rise with increasing maternal obesity. Of importance, we find a similar increase in fT3 in the neonate, with higher neonatal (cord blood) fT3 levels from mothers who are obese (Fig. 1b) , and we show that maternal and neonatal fT3 levels are significantly correlated (Table 3) . We also report a significant association between maternal and neonatal fT3 with birthweight (Table 4 ). While the consequences of an elevated fT3 in the neonate are unknown, elevated fT3 levels have been reported in association with childhood obesity. 31 It is well established that infants of mothers who are obese are more likely to be born LGA. 30 How both maternal and foetal TH levels in association with maternal obesity contribute to foetal overgrowth is an important area of study. The conversion of fT4 to fT3 occurs with deiodinase (DIO gene product) activity, which regulates local availability of fT3. 32 The concerted activity of the deiodinases can be inferred by the fT3 to fT4 ratio. 33 It has been reported that both lower fT4 and a higher Table 2 . Maternal and neonatal (cord blood) serum fT3 are significantly correlated Correlation coefficient P-value fT3 0Á422 P < 0Á001 fT4 À0Á0696 P = 0Á322 TSH 0Á0144 P = 0Á864 fT3 to fT4 ratio 0Á0949 P = 0Á192 Fig. 2 Maternal and neonatal fT3 to fT4 ratios are altered in association with increasing maternal obesity. Maternal fT3 to fT4 ratio increased with increasing maternal obesity (a) compared with normal weight cohorts, while the neonatal fT3 to fT4 ratio only significantly differed between the normal weight group in the Obese 1 and 3 groups (b). The asterisk (*) indicates a significant p-value (<0.05). Circles represent levels which lie outside the box and whiskers of each graph. fT3 to fT4 ratio are associated with a less favourable metabolic outcome in healthy pregnant women as assessed by pre and postload glucose levels, glycosylated haemoglobin, fasting insulin, HOMA-IR and triglycerides. 34 Consistent with this data, we have found both decreased maternal fT4 (Fig. 1c) and an increase in the maternal fT3 to fT4 ratio ( Fig. 2a) with increasing maternal obesity, as well as a decrease in maternal fT4 with excess gestational weight gain (Table 2 ). In the foetus, our data also reveal an increase in the fT3 to fT4 ratio (in the Obese 1 and 3 groups, Fig. 2b ). However, the neonatal fT4 levels are not correlated with the maternal levels, and in fact, increase compared to normal weight in the overweight, Obese 1 and 2 groups. The discrepant results between the fT3 to fT4 ratios and fT4 levels may be accounted for by the fact that the placenta has potent deiodinase activities 35, 36 ; investigation into potential alterations of deiodinase activity with increasing maternal obesity is warranted. These findings in humans are consistent with our prior detailed observations in our nonhuman primate model and collectively support the notion that there are maternal, foetal, and likely placental modulators of circulating thyroid hormone levels during gestation. 17, 24 In sum, what is of notable interest in the current study is the lack of correlation between neonatal fT4 and TSH, while fT3 is tightly and significantly correlated between maternal and foetal serum levels. While THs are essential for foetal development throughout gestation, the foetus has a fully functioning thyroid gland by the midpoint of gestation (16-20 weeks; 35) . By term, it is believed that foetal TH levels are being maintained by the foetus's own hypothalamic-pituitary-thyroid axis. 37 Therefore, the extent to which maternal TH levels influence foetal levels remains to be determined. Extensive mechanistic studies of placental transport with maternal obesity are essential to determine how the maternal TH levels interact with and determine foetal levels and to understand what long term consequences of alterations of TH levels experienced in utero may be. b-Coefficient Significance b-Coefficient Significance fT4 À0Á12 P = 0Á086 À0Á085 P = 0Á227 fT3 0Á155 P = 0Á027 0Á171 P = 0Á018 fT3 to fT4 ratio 0Á212 P = 0Á002 0Á200 P = 0Á006 TSH 0Á115 P = 0Á136 À0Á077 P = 0Á318
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